Adenosine is an endogenous nucleoside in the central nervous system that acts on adenosine receptors. These are G proteincoupled receptors that have four known subtypes: A1, A2A, A2B, and A3 receptors. In the present study, we aimed to map the location of the adenosine receptor subtypes in adult wild-type zebrafish retina using in situ hybridization and immunohistochemistry. A1R, A2AR, and A2BR mRNA were detected in the ganglion cell layer (GCL), the inner nuclear layer (INL), the outer nuclear layer (ONL), and the outer segment (OS). A3R mRNA was detected in the GCL, ONL, and OS. A1R-immunoreactivity was expressed as puncta in the INL and in the outer plexiform layer (OPL). A1Rs were located within the cone pedicle and contiguous to horizontal cell tips in the OPL. A2AR-immunoreactivity was expressed as puncta in the GCL, inner plexiform layer (IPL), INL, and outer retina. A2AR puncta in the outer retina were situated around the ellipsoids and nuclei of cones, and weakly around the rod nuclei. A1Rs and A2ARs were clustered around ON cone bipolar cell terminals and present in the OFF lamina of the INL but were not expressed on mixed rod/cone response bipolar cell terminals. A2BR-immunoreactivity was mainly localized to the Müller cells, while A3Rs were found to be expressed in retinal ganglion cells of the GCL, INL, ONL, and OS. In summary, all four adenosine receptor subtypes were localized in the zebrafish retina and are in agreement with expression patterns shown in retinas from other species.
Introduction
Adenosine is an endogenous, ubiquitous purine nucleoside that is widely distributed throughout the central nervous system (CNS) [1] [2] [3] [4] [5] . It can be generated intracellularly, from 5′-adenosine monophosphate or S-adenosylhomocysteine [6] , and formed extracellularly from adenine nucleotides released from cells [2, 4] . Adenosine has differential physiological effects on P1 purinergic receptors, which are also known as adenosine receptors [3, 7] . All adenosine receptors are seven transmembrane G protein-coupled receptors [5] , where signaling is conferred through four known subtypes: A1, A2A, A2B, and A3 receptors [1, 3] . A1R and A3R act through G i/o proteins to inhibit adenylate cyclase and decrease cAMP concentration, while A2AR and A2BR act through G s and G s/q , respectively, to activate adenylate cyclase and increase cAMP concentration [6] .
Numerous studies have attempted to localize adenosine receptors in the retina, using labeling techniques such as in situ hybridization [8] [9] [10] , autoradiography [3, [11] [12] [13] [14] , and immunohistochemistry [15] [16] [17] [18] , and functional techniques such as calcium imaging [1, [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] , electrophysiology [1, 23, [26] [27] [28] [29] [30] [31] [32] , and pharmacology assays [21, 22, 25, [33] [34] [35] [36] [37] . A1Rs have been localized to the inner retina, in particular the inner plexiform layer (IPL) and retinal ganglion cells (RGCs) of several species including rat [19, 20, 28, 29] , guinea pig, monkey, human [11] , chick [12] , and salamander [30] . However, A1Rs have also been found in other retinal cell types, including rat bipolar cells [32] , amacrine cells in chick [21, 22] and rabbit [33] , human retinal pigment epithelium (RPE) [25] , rat retinal glia [16, 38, 39] , and microvasculature [31] . Studies using probes that target A2Rs, which include both A2AR and A2BR subtypes, have found A2Rs to be present in the rabbit, mouse [13] , and fish [37] photoreceptors; rat Müller cells [24] , RPE of pig [34] and human [25] , and in the amacrine and ganglion cell layer (GCL) of the developing ferret retina [18] . A2ARs have been located on photoreceptors of salamander [1, 26, 27] , rat [8] and mouse [9] , RGCs of mouse [9] and rat [8] , rat Müller cells [23] , and developing chick retinal cells [36] , while A2BRs have been located on rat Müller cells [23] and RPE [35] . A3Rs have mostly been localized to the RGCs [15, 20, [40] [41] [42] [43] .
In the present study, we have chosen to use the zebrafish model organism to map the adenosine receptor expression in the retina. First, they are diurnal and cone-dominated like the central region of the human retina [44, 45] . This cone-dense region provides the high visual acuity that is required for essential daily visual tasks [45] . Secondly, rodents, such as mice and rats, are nocturnal and rod-dominated, and their retinas are more similar to the peripheral region of the human retina [45] , making them a less-than-ideal model for human vision. Other benefits to using zebrafish include the large numbers of available transgenic lines, high fecundity, and high sequence homology (~84%) with humans, despite their duplicate genome [46] . Taken together, these advantages make the zebrafish an attractive model for vision research.
We performed in situ hybridization and immunohistochemistry on wild-type zebrafish retinal sections using antibodies against the four adenosine receptor subtypes. We found that A1Rs and A2ARs are expressed as puncta in the plexiform layers of the retina, A2AR and A3R are present on the photoreceptor ellipsoids, A1R and A2BRs are expressed in Müller cells, and A3Rs are expressed on RGCs. This study describes a likely subtype-specific role for adenosine receptors in both the outer and inner retina of zebrafish.
Materials and methods

Animals
Wild-type zebrafish were bred and housed at the Penn State Zebrafish Functional Genomics Core Facility. Animals were kept on a 14 h light/10 h dark cycle at 28°C. All animals were cared for according to institutional guidelines prescribed by the Penn State Hershey IACUC Committee, and the National Eye Institute.
Tissue preparation
Adult zebrafish (12 months) were anesthetized with MS-222 followed by decapitation. Eyes were removed and placed in icecold phosphate-buffered saline (PBS). The eyes were enucleated by removing the cornea, lens, and vitreous fluid, leaving the eyecup containing the retina. The eyecup was then fixed in 4% paraformaldehyde (PFA) in PBS, pH7.4, for 20 min at room temperature (RT), followed by cryoprotection in 30% sucrose in PBS containing 0.05% sodium azide, overnight at 4°C.
In situ hybridization
Eight adult wild-type zebrafish were homogenized to prepare total RNA. They were euthanized with an overdose of tricaine (2.5×), the eyes were enucleated, and the retinas removed along with the brains and placed in 1× PBS on ice. The tissue was then transferred to a tissue grinder containing TRIzol (Thermo Fisher, Waltham, MA), homogenized, and transferred to clean 15-ml conical tubes. The tissue lysate was then centrifuged for 10 min at 3500g. The supernatant was transferred to new tubes, and chloroform was added to each tube and rocked for 5 min. The contents were divided in to multiple 1.5-ml tubes and spun for 5 min at maximum speed (14,000 rpm). The aqueous phase was collected and treated with isopropanol to precipitate DNA. The sample was then spun at max speed for 5 min. The pellet was washed with 80% ethanol, air dried, and resuspended in sterile ddH 2 0 and processed to obtain RNA using the Qiagen RNeasy kit (Qiagen, Germantown, MD), according to the manufacturer's instructions. Concentration of the RNA was determined with a spectrophotometer (Beckman Coulter DU720, Brea, CA). Oligo dT primers were used to reverse-transcribe the total RNA with reverse transcriptase (First Strand Kit, Thermo Fisher, Waltham, MA, USA). Polymerase chain reaction (PCR) was performed using sequence-specific oligonucleotide primers. Amplified fragments were ligated into the pCR-II vector (TA Cloning Kit Dual Promoter, Thermo Fisher, Waltham, MA, USA), and at least three independently amplified cDNA fragments per gene were sequenced to confirm our previously annotated zebrafish sequences. Accession numbers for the zebrafish adora genes are as follows: adora1 (1st homolog) (NM_001128584), ENSDARG00000070056 (adora1, 2nd homolog, ENSDART00000102509), adora2aa , ENSDARG00000059899 (adora3 4th homolog, ENSDARG00000059899), and si:dkey206f10.5 (homologous to various adora genes) (si:dkey206f10.5) (see Table 1 ). The PCR product was cloned into pCR II-TOPO vector (Thermo Fisher, Waltham, MA) and sequenced. Plasmids containing the genes were linearized for SP6 and T7 in vitro transcription (T7 RNA pol for antisense, SP6 for sense) and purified with phenol-chloroform extraction. Digoxigenin (DIG)-labeled antisense RNA probes were generated using DIG-RNA-labeling kit (Roche Diagnostics, Indianapolis, IN). Adult retinal sections were cut at 20-μm thickness on a cryostat and placed on APES (aminopropyltriethoxysilane, Millipore-SIGMA, Burlington, MA) coated slides, and stored at − 80°C until ready to use.
In situ hybridization was performed on zebrafish retinal sections using a slightly modified version of the one described in [47] . Slides were warmed for 20 min at 37°C on a slide warmer. Slides were fixed in 4% PFA (RNase-free) at room temperature, and then washed in PBS + 0.1% Tween (PBT) for 5 min. Slides were then treated with proteinase K treatment (3 μg/ml in PBS, 10 min) at room temp, rinsed twice with PBT for 5 min, followed by an additional fixation in 4% PFA for 5 min at room temperature. Following fixation slides were rinsed twice with PBT for 5 min. Slides were placed in an acetylation solution (0.25% acetic acid, 10 min), then rinsed twice with PBT for 5 min. Prior to hybridization, slides were prewarmed in hybridization buffer [50% deionized formamide, 5 mg/ml torula yeast RNA (Sigma R6625, Phenol/CHCl3 extracted), 5× SSC, 50 μg/ml heparin (Fisher AC41121), 0.05% Tween, 1× Denhardt's reagent (Fisher BP515-5), 10% dextran sulfate, DEPC-treated water] at 65°C. Hybridization with digoxygenin-labeled cRNA probes was performed by diluting the probes in hybridization buffer and incubating overnight (~100 μl per slide) at 65°C. The next day, slides were rinsed briefly in 5× SSC at 65°C, washed with 1× SSC, 50% formamide (65°C, 30 min), and washed with TNE (100 mM Tris pH 7.5, 500 mM NaCl, 1 mM EDTA) at 37°C. This was followed by a digest with prewarmed RNase A (20 μg/ml) in TNE at 37°C for 30 min, and followed by subsequent washes in prewarmed TNE at 37°C for 10 min, then with 2× SSC at 65°C for 20 min and, 0.2× SSC at 65°C for 20 min each. The slides were washed with MABT (100 mM maleaic acid, 150 mM NaCl, 0.1% Tween 20, pH to 7.5) prior to the addition of the antibody. The tissue was blocked in 10% goat serum with 2% BSA in MABT for 1 h at 4°C; this was followed by the addition of alkaline phosphatase-conjugated anti-DIG antibody (anti-DIG-alkaline phosphatase (1:2500) at 4°C, Roche, Indianapolis, IN) overnight in the same blocking solution. The next day, sections were rinsed three times in MABT, and followed by a 10min wash in NTM (100 mM NaCl, 100 mM Tris, pH 9.5, 50 mM MgCl 2 ). Bound probe was detected with alkaline phosphatase-conjugated anti-DIG antibodies (Roche) and the NBT-BCIP substrate (chromogenic alkaline phosphatase substrate that hydrolyzes the BCIP to 5-bromo-4-chloro-3-indole, yielding an insoluble dark blue precipitate in the presence of NBT) in NTM solution. Depending upon the probe, development occurred from 1 h to several days (up to 5 days). Both sense and anti-sense probes were incubated for the same development time for each probe. The slides were then washed following development in NTM and PBS, and postfixed for 30 min in 4% PFA, then washed in PBS, air-dried, and cover slipped with glycerol. All images were acquired with a 3.0 megapixel Tuscen CMOS color camera (ASP-CH30) in the .TIFF format using a Nikon Eclipse FN-1 microscope with a Plan Apo 40X 1.3 NA objective and processed in Photoshop CC (Adobe, Mountain View, CA).
Antibodies
Primary polyclonal antibodies targeting adenosine receptors for immunohistochemistry and western blotting experiments were purchased from Alomone Labs (Jerusalem, Israel; 
Peptide block
To check for antibody specificity, antibodies were preadsorbed to their respective control peptide at 10 times the primary antibody concentration. Peptides for A1R [213] [214] [215] [216] [217] [218] [219] [220] [221] [222] [223] [224] [225] [226] [227] [228] [229] ((C)KKVSASSGDPQKYYGKE; control antigen for AAR-006), A2AR 201-215 , ((C)RQLKQMESQPLPGER; control ant i g e n f o r A A R -0 0 2 ) , A 2 B R 1 4 7 -1 1 6 (KDSATNN*STEPWDGTTNESC; control antigen for A A R -0 0 3 ) 4 ) a n d A 3 R 2 1 6 -2 3 0 p e p t i d e ((C)KETGAFYGREFKTAK; control antigen for AAR-004) were diluted to 1 mg/ml with ultrapure water, and stored at − 20°C until needed. A1R, A2AR, A2BR, or A3R antibodies were diluted to optimal concentration (see previous section) in immunohistochemistry blocking solution (5% normal goat serum, 1% BSA, 0.5% Triton X-100, in PBS, pH 7.4) or western blotting blocking buffer (5% nonfat milk, 0.2% Tween 20 in Tris-buffered saline [TBS; 50 mM Tris-base, 150 mM NaCl, pH 7.4]), either in the presence or absence of their corresponding peptide, and incubated on a shaker overnight at 4°C. Following the overnight incubation, blocking solution containing the antibody alone or preadsorbed to the corresponding peptide was used during the primary antibody incubation step of the immunohistochemistry or western blotting procedure.
Immunohistochemistry
The eyecups (n = 12-14 retinas from N = 6-7 zebrafish) were sectioned as previously described [56] . Briefly, fixed, cryoprotected eyecups were incubated in gelatin-PBS (7.5% gelatin, 15% sucrose in PBS) for 2 h at 37°C. The eyecups were oriented in warm gelatin-PBS for sectioning, and the gelatin was allowed to solidify at RT then frozen in isopentane that was cooled to − 80°C using liquid nitrogen. Frozen retinas were sectioned vertically at 12 μm thickness on gelatincoated slides and stored at − 20°C. Immunostaining was performed using the indirect immunofluorescence method [56] [57] [58] [59] . Sections were washed 3 times in warm (37°C) PBS, then incubated in blocking solution (5% normal goat serum, 1% BSA, 0.5% Triton-X-100, in PBS, pH 7.4) followed by the primary antibodies overnight at 4°C. Retinas were 
Results
Adenosine receptor expression in the zebrafish retina
In mammals, the adenosine receptor gene family consists of the four members: adora1, adora2a, adora2b, adora3 [60] . Based on the existing gene databases (UC Santa Cruz, Genome Browser: http://genome.ucsc.edu/cgibin/ hgGateway?hgsid=85282730&clad-e=vertebrate&org= Zebrafish&db=0 and Wellcome Sanger Institute: https://www. sang-er.ac.uk/sanger/Zebrafish_Zmpsearch), we isolated and cloned 10 different zebrafish adora cDNAs from both retina and brain (see Table 1 ). These homologs likely resulted from gene duplication [61] ; however, for the purposes of this study, we will use the term homolog to describe what could be a paralog. We made probes to two homologs of adora1: adora1a and ENSDARG00000070056; two homologs of adora2: adora2a and adora2b; one single adora2b homolog; 4 homol o g s o f a d o r a 3 : E N S D A R G 0 0 0 0 0 0 2 6 2 4 6 , ENSDARG00000078129, ENSDARG00000044061, and ENSDARG00000059899; and si:dkey-206f10.5, a homolog that shows similarities to various adora genes in zebrafish.
Not all homologs were expressed in the adult retina, ENSDARG00000070056 an adora1 homolog, adora2ab, and 3 three of the adora3 homologs (ENSDARG00000078129, ENSDARG00000026246, ENSDARG00000059899) were absent in the adult retina (data not shown). In situ hybridization labeling (Fig. 1a) detected A1R (adora1), A2AR (adora2a) and A2BR (adora2b) mRNA in the GCL, the inner nuclear layer (INL), outer nuclear layer (ONL), and the outer segment (OS) in retinal cryosections, whilst A3R (ENSDARG00000044061) mRNA was detected in the GCL, ONL, and OS. All sense probes had no detectable signal in the adult zebrafish retina (data not shown). We also detected strong signal in all cellular layers of the adult zebrafish retina with the in situ probe targeted to si:dkey-206f10.5 (data not shown).
A1Rs are heavily expressed as puncta in the IPL and outer plexiform layer (OPL) of immunolabeled retinal cryosections, where the presence of a peptide block reveals nonspecific antibody labeling in the photoreceptor outer segments (Fig. 1b) . A2AR show puncta expression in the GCL, IPL, INL, and outer retina. A2BR is expressed in the GCL, IPL, INL, OPL, ONL, and OS, where the presence of a peptide block reveals that nonspecific antibody labeling is present in the GCL, INL, and OS. A3Rs are expressed in the GCL, INL, ONL, and OS, Fig. 1 Adenosine receptor expression in the zebrafish retina. In order from top to bottom, A1, A2A, A2B, and A3 receptor subtype. a mRNA was detected using in situ hybridization in retinal sections, A1 (adora1a), A2A (adora2aa), A2B (adora2b), and A3 (ENSDARG00000044061 A3 3rd homolog); parentheses denote the gene shown in the figure (see Table 1 ). Specific adenosine receptor antibody signal (white arrows) was determined in the presence and absence of the corresponding peptide in b retinal cryosections using immunohistochemistry, where blue nuclei have been labeled with RedDot1, and c retinal homogenate using western blotting. RPE retinal pigment epithelium, OS outer segment, ONL outer nuclear layer, OPL outer plexiform layer, INL inner nuclear layer, IPL inner plexiform layer, GCL ganglion cell layer, PB peptide block, MW molecular weight. For in situ, n = 6 retinas, N = 3 zebrafish. For immunohistochemistry, n = 14 retinas, N = 7 zebrafish. For western blotting, n = 10 retinas, N = 5 zebrafish. Scale = 20 μm but no expression was detected in the synaptic plexiform layers. The presence of a peptide block showed little nonspecific antibody labeling. Western blotting (Fig. 1c) shows that the A1R and A2AR detect a specific band at approximately 58 kDa, and A3R at approximately 31 kDa. All antibodies detected a nonspecific band at approximately 160 kDa. Similar to the immunohistochemistry, the anti-A2BR antibody detected several nonspecific bands in the presence of the peptide block except for the 36 kDa band. Protein bands were classed as specific and correlating to the protein if the bands were not detected in the presence of the peptide block.
A1 receptor expression is contiguous to horizontal cell tips
Immunolabeling of A1R with ZPR-1 (Fig. 2a) , a green/ red double cone marker (also known as Fret 43 [48] ), Fig. 2 A1 receptor expression is contiguous to horizontal cell tips and red-green double cone pedicles. A1 receptor expression in the OPL shows that the receptor subtype is a enveloped within the green/red double cone pedicle invagination and is b contiguous to horizontal cell tips. Dashed box is an example area that was used for the higher magnification images. ONL outer nuclear layer, OPL outer plexiform layer, INL inner nuclear layer, IPL inner plexiform layer, GCL ganglion cell layer; n = 12 retinas, N = 6 zebrafish. Scale = 5 μm showed that the A1R expression appears to be enveloped by the invagination of the cone pedicle but does not appear to be colocalized with the pedicle itself. Colabeling of A1R with GluR2 (Fig. 2b) , a horizontal cell tip marker [50] [51] [52] , showed some degree of colocalization, but the signal was mostly contiguous to the horizontal cell tips.
A1 and A2A receptors are clustered on the ON bipolar cell terminals and are also present on OFF lamina of the IPL A1R (Fig. 3a) and A2AR (Fig. 3b) are present in the ON and OFF lamina of the IPL. Immunolabeling with PKCα, which labels the large Mb-1 bipolar cells and all ON-bipolar cells in the zebrafish retina [49, 52] , show that A1R and A2AR are expressed as puncta around the ON bipolar cell terminals (white arrowheads) but are less abundant on the larger Mb-1 bipolar cell terminals (yellow arrowheads) in the zebrafish retina.
A2A receptors are present in the outer retina A2AR expression in the outer retina appears to present as puncta around the ellipsoids and nuclei of cones and weakly in rod nuclei (ONL; Fig. 4a ). There is a small amount of dull, more homogenous nonspecific labeling around the photoreceptor ellipsoids (Fig. 4b) , which is clearly distinguishable from the specific bright puncta labeling in the OS, some of which overlaps with nonspecific labeling observed in the preadsorptive control (Fig. 4a ).
A1 and A2B receptors are expressed on Müller cells
Immunolabeling of A1R with GS, a Müller cell marker [53] , shows A1Rs are expressed throughout the Müller cell body (which spans the entire width of the retina), where the most prominent expression appears to be in their endfeet (Fig. 5a ). A2BR colabeling with GS (Fig. 5b) shows that A2BRs are prominently expressed throughout the Müller cell body, particularly in the endfeet, processes in the IPL, and heavily in the Fig. 4 A2A receptors are present on photoreceptors in the outer retina. A2A labeling presents as bright puncta that is localized to the outer retina and appears to be most prominent around the cone ellipsoids. There is a small amount of dull, more homogenous nonspecific labeling that is clearly distinguishable from the specific puncta labeling in the outer retina, where all puncta are absent in the presence of the peptide block. OS outer segment, IS inner segment, olm outer limiting membrane, ONL outer nuclear layer, OPL outer plexiform layer; n = 12 retinas, N = 6 zebrafish. Scale bar = 2.5 μm horizontal cell layer of the zebrafish retina. There is some nonspecific anti-A2BR labeling in the GCL, INL, and OS (see Fig. 1 ), which was disregarded.
A3 receptors are expressed in the GCL, INL, and photoreceptor ellipsoids
Immunolabeling of A3R with Islet 1/2, a label for retinal ganglion cells [54, 55] , shows colocalization in the GCL and INL regions of the zebrafish retina. A3R expression is also present in the INL, particularly the inner portions and is heavily expressed in the ellipsoids of photoreceptors.
Discussion
In the present study, we have shown that the four adenosine receptor subtypes are present and differentially expressed in the zebrafish retina. A1R and A2AR appear to be predominantly expressed in the plexiform layers, while A2AR are also present in the photoreceptors. A2BRs are expressed in Müller cells, particularly the endfeet, and exhibit a strong presence in the horizontal cell layer. Furthermore, A3Rs are expressed in RGCs of the GCL, cell bodies of the INL, and photoreceptor ellipsoids.
In situ hybridization (Fig. 1a) detected A1R and A2AR mRNA in the GCL, the ONL, and the OS, where A2AR was additionally detected in the INL. This is in agreement with Kvanta et al. [8] who found that A1R mRNA was mostly expressed in the inner retina, namely the GCL; A2AR mRNA expression was detected in the INL and ONL in the rat retina. Conversely, Kvanta et al. [8] were unable to detect A2BR and A3R mRNA expression, whereas our study found that A2BR and A3R were present in the ONL and OS, and A2BR was weakly detected in the GCL and INL. A wide range analysis has been performed previously with multiple species, using extensive protein bootstrap analysis obtained from 500 replications to construct a detailed dendrogram (see [55] ). This study shows that high protein sequence homology is observed among zebrafish A1, A2A, and A2B receptor orthologs with mammalian sequences. The only exception being a lower observed sequence homology among zebrafish A3 receptor paralogs and their mammalian orthologs [62] ; this finding is supported in part by a gene expression study of the A2 receptor gene family in zebrafish larvae [63] .
Adenosine receptor antibody specificity was confirmed by using the corresponding peptide blocks in immunohistochemistry and western blotting (Fig. 1b, c) . Antibodies against all four of the adenosine receptor subtypes had some nonspecific labeling in the photoreceptor layer, but only anti-A2BR had additional nonspecific labeling in the GCL and amacrine cell layer. Therefore, we only focused on the specific labeling in the immunolabeled cryosections and western blotting and disregarded the nonspecific signal.
A1 receptors are located in the plexiform layers of the retina
In agreement with our findings, previous autoradiography experiments have localized the A1R to the IPL of the retina in the rat, guinea pig, monkey, and human retina [11] . Paes de Carvalho and colleagues used autoradiography to show that A1Rs are localized to the inner and outer plexiform layers of embryonic and posthatched chick retina, which increased in expression with age [12] . Autoradiography by Blazynski et al. (1990 Blazynski et al. ( , 1991 showed that A1R agonist binding was localized to the inner retina, particularly the IPL. Immunohistochemical evidence showed that A1Rs, as well as other subtypes, were immunoreactive in the inner retina, particularly the RGCs [15] . Furthermore, we have shown that A1Rs, which are located in the OPL, do not colocalize with the cone pedicle (Fig.  2a) and are likely expressed on horizontal cell tips (Fig. 2b) .
A1Rs appear to cluster around the ON cone bipolar cell terminals and are also present in the OFF lamina of the IPL, but little is located on Mb-1 bipolar cell terminals (Fig. 3a) . A1R expression in the zebrafish retina does not appear to colocalize with the anti-PKCα signal, which labels plasma membrane proteins in bipolar cells, suggesting that A1Rs may be expressed on another cell type that is synapsing with, or in proximity of bipolar cell terminals, possibly an amacrine or ganglion cell type. Hartwick et al. [19] showed that A1R activation in cultured rat RGCs reduced glutamate-induced calcium influx and voltage-gated calcium currents. Alternatively, amacrine cells have been suggested to express A1Rs. Santos et al. [21] showed that A1R activation inhibits ATP release in cultured amacrine-like neurons, and in a later study using the same cell culture system, they found that A1R activation inhibits the release of acetylcholine, but not GABA, in amacrine-like neurons via inhibition of voltage-sensitive calcium channels (VSCCs) [22] . Therefore, it is possible that A1Rs are expressed postsynaptically on the RGCs or amacrine cells.
Additionally, we colabeled anti-A1Rs with the Müller cell marker, glutamine synthetase (Fig. 5A) , though, the marker does not prominently label the Müller cell branches that extend to the BPC terminals in the IPL, so it is difficult to determine if the A1Rs are located on these branches. We were able to show that A1Rs are expressed along the processes (in the IPL) and within the cell bodies and endfeet of the Müller cell (Fig. 3a) . In support of our findings, Iandiev et al. [16] used immunohistochemistry to show that A1Rs colocalize with Müller cells in the rat retina. Newman (2003 Newman ( , 2004 ) published a series of findings, suggesting that activated glial cells inhibit neurons by the release of ATP and its subsequent conversion to adenosine, which in turn activate the adenosine receptors (A1R-mediated), providing a glia-to-neuron signaling interaction. This suggests that Müller cells are possible modulators of neuronal excitability in the retina. Interestingly, Newman also showed light-evoked Ca 2+ responses in Müller cells that begin in the IPL and extend to their endfeet, and proposed that this reciprocal neuron-to-glia signaling is likely mediated by the release of ATP from amacrine and/or ganglion cells [23] . In addition, studies have also shown that A1R-mediated inhibition of osmotic swelling in retinal glial cells [38, 39] , further supporting the conclusion that A1R are expressed on Müller cells.
A2A receptors are located in the inner and outer retina
We have shown that A2ARs are expressed as puncta in the GCL, IPL, INL, and outer retina (Fig. 1) . In agreement with our findings, A2ARs were found to be expressed in the GCL, IPL, and outer retina of the developing rat retina [17] , and inner retina of adult rats, particularly the RGCs, though the authors did not include the outer retina in their analysis [15] . A2AR mRNA has also been shown to be expressed primarily in the GCL, INL, and ONL in the rat [8] and mouse retina [9] .
A2AR expression in the outer retina appears to be present as puncta around the ellipsoid and somata region of cones and less prominent at rod somata (ONL; Fig. 4 ). This is in agreement with previous functional studies on adenosine receptor modulation of voltage-dependent Ca 2+ influx and light-evoked responses in second order neurons [1, 26, 27, 64] . A2AR mRNA has been located in the cone somata of the ONL in C57 mouse retina, with a weak mRNA signal in the inner segments of the photoreceptors [9] . In situ hybridization experiments in cultured salamander rod cells showed A2AR activation reduced opsin mRNA expression, which was reversed in the presence of an A2AR antagonist [10] . In contrast, Rey et al. found that adenosine triggers elongation of cone inner segments (with attached outer segments) in green sunfish via an A2-like receptor [37] but speculated that this effect is not likely to be via the A2AR, and instead more likely due to an A2BR subtype or a novel A2R subtype. Still, there are several studies that have found A2ARs to be present in the OS using labeling and functional techniques [13, 14, 65] . Taken together, published findings support the expression of A2AR on photoreceptors in the zebrafish retina.
Similar to the A1R expression, A2ARs are expressed as puncta around the ON cone bipolar cell terminals and are also present in the OFF lamina of the IPL, but they do not seem to be present on Mb-1 bipolar cell terminals (Fig. 3a) . Stellwagen et al. [18] has shown A2AR-immunoreactivity in the amacrine cell layer and GCL of the developing ferret retina, with stronger expression in the ganglion cells. Therefore, A2ARs could be located postsynaptically on the RGCs or amacrine cells at the axon terminal synapse of bipolar cells. Although our study and previous studies localizing protein [17] or mRNA [8, 9] confirm the likely expression for A2AR in the inner retina, very few functional studies have been concerned with the role of A2AR in the inner retina. Among them include Wang et al. [66] and Huang et al. [17] , who show that A2AR ligands affect the light responses of starburst amacrine cells in the rat retina. While, Jonsson and Eysteinsson [67] have shown that A2AR agonists affected the component of the rat electroretinogram that corresponds to the inner retina (b-wave).
A2B receptors are located on Müller cells
We have located A2BRs to Müller cells in the zebrafish retina in the present study (Fig. 3b) . The A2BRs exhibit a low affinity for adenosine and have been found to be expressed at low levels in most tissues, indicating that this subtype may primarily be recruited under pathological conditions [68] . A2BRs have been found in glial cells [69] , including murine microglia cells [70, 71] , cultured primary astrocytes [72] [73] [74] [75] , rat astrocytes [76] , human epithelium, OS outer segment, ONL outer nuclear layer, OPL outer plexiform layer, INL inner nuclear layer, IPL inner plexiform layer, GCL ganglion cell layer; n = 12 retinas, N = 6 zebrafish. Scale bar = 20 μm astroglial cells [77] , and ciliary ganglia satellite glial cells [78] . Newman [23] showed an A2BR antagonist reduced light-evoked Müller cell Ca 2+ responses in the rat retina, supporting the presence of A2BRs on Müller cells. Conversely, Dando et al. [79] performed single-cell realtime PCR on isolated vallate taste cells and showed that glial-like (type I) cells rarely expressed A2BR, but this could be due to the apparent low expression rate of A2BRs. These published findings are in support of A2BRs being primarily expressed on Müller cells in the zebrafish retina.
A3 receptors are located on ganglion cells and in the outer retina
We show here that A3Rs are expressed on RGCs (Islet 1/2-positive ganglion cells; Fig. 6 ), are present on the innermost nuclei layer of the INL (possibly the amacrine cells), and are heavily immunoreactive with the photoreceptor ellipsoids. There is a large body of evidence that suggests that A3Rs are expressed on RGCs in the retina. Zhang et al. [41] has shown that A3R mRNA was detected in immunopurified rat RGCs, and that A3R agonists prevented P2X-mediated [41] and NMDA-mediated [42] Ca 2+ increases in the same RGC culture system. Moreover, an in vivo study by Hu et al. [43] has shown that an A3R agonist prevented P2X 7 -mediated RGC death, and Yaar et al. used selective transgene expression to demonstrate that the A3R subtype was expressed on RGCs in mice. Also, A3R activation protected RGCs from cell death both in vivo and in vitro [80] , and Nakashima et al. [15] detected A3Rs on RGCs of the rat retina and showed that they promote neurite outgrowth of RGCs. Therefore, A3R may play a key role in the inner and outer adult zebrafish retina.
Summary
In the present study, we have shown that A1Rs and A2ARs are expressed in the outer plexiform layer of the retina and on photoreceptor somata providing evidence for a strong role of adenosine as a neuromodulator at the first synapse in visual processing. In addition, strong A3R expression is present on the photoreceptor ellipsoid region of the cell, signifying that these receptors might also contribute to photoreceptor function. The presence of A1Rs and A2ARs in the ON and OFF lamina of the IPL suggests that they likely contribute to inner retinal visual processing. Surprisingly, the expression of A2BRs on Müller cells may indicate a role in retinal neuron-glial interactions, particularly in the GCL of the retina. Furthermore, our data and previously published studies demonstrate a direct role for A3Rs in RGCs and describe the presence of A3Rs at photoreceptor ellipsoids, though the functional implications of this expression pattern need to be explored further. In conclusion, prominent expression of adenosine receptors in photoreceptors, the OPL and IPL, Müller cells, and RGCs suggests that these receptors may function together to provide signals for neuroprotection, influence light-modulated inputs for visual processing, and help balance rod and cone circuitry in the zebrafish retina.
